The fragmentations of a number of cinnamic acids substituted at the phenyl ring have been studied with the aid of 70eV mass spectra and mass analysed ion kinetic energy spectra. Evidence is presented that the formation of [GH,O,]+ ions occurs by intramolecular aromatic substitution reactions. A mechanism is proposed for the energetically favourable loss of the substituents from meta and para positions of the phenyl ring. The analytical use of intramolecular aromatic substitution reactions is briefly discussed.
INTRODUCTION

~
Intramolecular aromatic substitutions of radical cations in the gas phase have been known for some time 1-3 and have been classified as one of the numerous ortho effect reaction^.^ Some recent on this type of reaction revealed not only its analytical value but also elementary details of such substitution reactions.
Cinnamic acid has been reported7 to lose abundantly a hydrogen atom from the phenyl ring, thus forming 2-hydroxybenzopyrylium ions (a, Scheme 1) in a mass spectrometer. The fragmentations of substituted cinnamic acids under electron impact have not yet been reported, with the exception of the 2-fluorocompound' and the three isomeric methoxycinnamic acids.' Therefore it was necessary to perform a systematic study of the modes of decay of variously substituted cinnamic acids in order to see (i) whether the substitution reaction occurs with the different substituents chosen as well, (ii) whether the substitution reaction is influenced by competing reactions, and (iii) what changes occur in the mass spectra in relation to the position of the substituent at the phenyl ring.
RESULTS
The cinnamic acids studied are listed below. The 70 eV mass spectra of cinnamic acid (l), 2-fluoro-(2), 2-chloro-(3), 2-bromo-(4), 2-iodocinnamic acid (5) and 3-chloro-(9) and 4-chlorocinnamic acid (10) and their modes of fragmentation as suggested by metastable transitions are shown in Fig. 1 and Schemes 1-3, respectively. Molecular ions of cinnamic acid decompose mainly by two competing pathways (Scheme 1): (i) fragmentation of the sidechain by successive losses of OH, CO, and C,H, (route B)" and (ii) loss of a phenylic hydrogen atom following ring closure to give ions a. The introduction of C1, Br and I, respectively, as ortho substituents X drastically changes the fragmentation patterns of the corresponding cinnamic acids 3-5.
Both the losses of H and O H from [l]" are almost completely replaced by the loss of the substituent X (Fig. 1) . The loss of X from metastable ions [3] '- [5] ''is the only reaction observed for these ions (Table 1) and gives rise to intense signals in their mass analysed ion kinetic energy (MIKE) spectra. In consequence of the clean reaction to ions a the mass spectra of compounds 3-5 do not differ greatly from one another, except in the position of the [MI+' peaks. The 2-fluorocinnamic acid ions [2] " lose H, OH and F (Fig.  1) . The fluoro substituted analogues of ions a and b (Scheme l), cf. a' and b', decompose by reactions analogous to those illustrated in Scheme 1, thus yielding the F-containing ions c', m/z 121 and e', m/z 109. Ions c' subsequently eliminate H F and C,H, to give the peaks at m/z 101 and m/z 75, respectively. All metastable transitions are clearly detectable for these reactions. In addition to these decompositions, [2] + ions also eliminate HF. The direct formation of ions mlz 146 is indicated by an intense metastable peak, which is the only one observed for metastable [2]" ions (Table 1) . A thermal fragmentation of 2 gives HF and coumarin.' It was suggested therefore that the analogous ionic reaction of [2] " results in the formation of coumarin ions f (Scheme 2, X=F).' This conclusion is corroborated by two successive losses of CO from metastable ions f and g (Scheme 2) which are also observed in case of coumarin itself."
Within the series of the ortho substituted cinnamic acids 2-5 and including the parent compound 1 the abundance of ions a in the 7 0 e V mass spectra increases with decreasing strength of the bond cleaved that the formation of ions a is energetically most favourable in these cases. With X = F, however, formation of ions f is energetically more favourable than that of ions a, thus supporting the trend mentioned above.
The 70 eV mass spectra of m-and p-chlorocinnamic acid, 9 and 10, are very similar to each other but differ drastically from the spectrum of the ortho isomer 3 (Fig. 1) . The stabilities of [9] expected. Surprisingly, an intense peak for CI loss is also observed (Table l ) , whereas the signal for OH ions from m-and pchlorocinnamic acids remains an energetically favourable reaction. However, this fragmentation reaction is obviously kinetically hampered. Thus, other reaction paths are in competition with the formation of ions a. This explanation appears to be valid, too, in case of cinnamic acids with more firmly bound ortho substituents ( X = H , F).
Hydroxy and methoxy substituted cinnamic acids
The 70eV mass spectra of 2-hydroxy-(6) and 2-methoxycinnamic acid (7) and 3-hydroxy-(ll), 4- hydroxy-(121, 3-methoxy-(13) and 4-methoxycinnamic acid (14) are shown in Fig. 2 . Obviously the o-hydroxy isomer [6]" does not lose the OH radical either from the carboxyl group or from the phenyl ring to any significant extent. However, a molecule of H,O is eliminated. This reaction is also the only one observed for metastable [6]+*. The ions f thus formed (Scheme 2) further decompose by two successive CO eliminations. In contrast, the m-and p-hydroxy analogues undergo this reaction sequence only to a negligible extent. A similar ortho effect has been reported by Seibl and co-workers" who observed the formation of ions f from ionized methyl ohydroxycinnamate by the loss of CH,OH.
The loss of OH radicals from the molecular ions of m-and p-hydroxycinnamic acid 11 and 12 is due mainly to the a-cleavage in the carboxyl group. The [M -OH]' ions successively eliminate two molecules of CO thus giving rise to the peaks at mlz 119 and rnlz 91, respectively.
The o-methoxy compound 7 predominantly loses the OCH, group after ionization. The appropriate metastable transition is the only significant one observed ( Table 1 ). The surprisingly facile displacement of the o-methoxy group from the phenyl ring does not reflect the high strength of the (C,,-O) bond in [7] ". This is an exception to the generally observed trend that the leaving ability of a substituent alters inversely with the strength of the bond to be cleaved. An analogous exception has been reported previously in the case of o-methoxybenzalacetone.6 Thus, the abundant loss of an o-methoxy group in compounds disposed to undergo intramolecular aromatic substitution might be taken as evidence of the presence of an isomeric compound with the OCH, group at a different position. This effect can be demonstrated by the closely similar mass spectra of methyl (3-or 4-hydroxy)cinnamate'l and 2-methoxycinnamic acid 7 (Fig. 2) .
The mass spectrum of 7 contains a minor peak at mlz 146. The corresponding ions decompose by two successive CO losses, thus giving rise to the peaks at mlz 118 and mlz 90. These peaks are negligible in the mass spectrum of the isomeric compounds 13 and 14.
Thus it is reasonable to accept the formation of ions f (Scheme 2). However, there is no evidence from metastable The loss of the methoxy group from mmethoxycinnamic acid ions [13] " is drastically reduced with respect to the ortho isomer and is negligible in case of the molecular ions of the para isomer [14]".
Correspondingly, the respective mass spectra are poor in intense fragment ion peaks (Fig. 2) . This demonstrates again the high stability of molecular ions of meta and para substituted cinnamic acids. 
Methyl substituted cinnamic acids
The 7 0 e V mass spectra of 2-methyl-(8), 3- 
DISCUSSION
The main object of this work was to ascertain whether the substituents are displaced in an intramolecular aromatic substitution reaction of the molecular ions of substituted cinnamic acids. The generally observed sharp decrease of the (M-X) peak intensities in the mass spectra of the meta and para substituted derivatives compared with those of the ortho isomers provides a basis for the use of aromatic substitution reactions analyti~ally.~ However, in contrast to other types of ortho effect reactions, the intensities of the diagnostically important (M -X) peaks are sometimes of considerable size in the case of the meta and para isomers too. This becomes especially notable in the case of the methyl substituted cinnamic acids, where the [M-CH,]" peak is even smaller in the ortho isomer than in the meta or para isomers. The ortho compound 8 can easily be distinguished from its isomers by using the [M-H,O]" or [M-CH,O,]'. reaction, however. With the aid of the [M -CH,]" reaction alone, a misinterpretation seems to be unavoidable. Attention should also be paid to the use of metastable transitions which generally are intense too in the case of substituent losses from the meta or para positions ( ions during the course of their formation. Furthermore, the high intensities of the peaks at mlz 147 in the 70 eV mass spectra of the ortho substituted compounds suggest that the formation of a new bond cannot be accompanied by an extensive rearrangement of the molecular ions. Finally, the large intensities also indicate that the corresponding ions are quite stable towards further decompositions.
The same arguments against the simple bond cleavage of the ortho substituents also apply to the meta and para substituted acids. However, the lower intensities of the peaks at miz 147 in comparison with the ortho isomers (X = C1, OCH,) requires some comment. A decrease of the [M -Cl]' peak intensities similar to the one observed for the three chlorocinnamic acids 3, 9 and 10 has been thoroughly studied previously in case of the analogously substituted chloroben~a1acetones.l~ It turned out that the decrease in intensity is not due to an increase in the activation energy which remains nearly constant, but is due to a decrease in the frequency factor for the CI loss. This kinetic hindrance for the substituent loss from the rneta and para positions has led to the postulation of a reaction mechanism which can also explain the observations in the case of the cinnamic acids (Scheme 5).
(i) The decrease of the intensities of the [M -XI' peaks in the 70 eV mass spectra in the series ortho, meta, para substituted derivatives (X = Cl, OCH,) is directly evident. A weakly bonded substituent at the ortho position (e.g. X = Cl) can be displaced either directly or via a short-lived intermediate. In order to cleave the substituent from the meta or para positions one or two additional rearrangement steps within Z are 
Instrumental
The 7 0 e V mass spectra and the MIKE spectra were recorded on a 311 A mass spectrometer (Varian MAT). The samples were introduced via the direct inlet system. The probe was heated gently until a pressure in the ion source of c. Torr was indicated. No thermal decomposition due to decarboxylation of the cinnamic acids could be detected (source temperature: c. 150 "C; filament current: 0.2 mA).
The [M-HI' peaks in the MIKE spectra of metastable [9] " and [lo]" were recorded after tuning in the [MI" peaks corresponding to the molecular ions with the heavier isotope. This is necessary due to interference peaks inherent with the MIKES te~hnique.'~."
